Background: The objective of the study was to evaluate the cost-utility of bariatric surgery in England. Methods: A state-transition Markov model was developed to compare the costs and outcomes of two treatment approaches for patients with morbid obesity: bariatric surgery, including gastric bypass, sleeve gastrectomy and adjustable gastric banding; and non-surgical usual care. Parameters of the effectiveness of surgery and complications were informed by data from the UK National Bariatric Surgery Registry, the Scandinavian Obesity Registry and the Swedish Obese Subjects study. Costs and utilities were informed by UK sources.
Introduction
Obesity is a risk factor for diabetes 1, 2 , cardiovascular 3 -5 and musculoskeletal 6 disorders, gynaecological problems 7, 8 and cancer 9 . According to the results of Health Survey for England in 2014 10 , the prevalence of obesity in males is 24 per cent and in females 27 per cent, whereas the prevalence of morbid obesity is 1⋅8 and 3⋅6 per cent respectively. In the same report, the prevalence of obesity was noted to have increased by 85 per cent for males and 69 per cent for females between 1993 and 2014.
When conservative treatments for obesity fail, bariatric surgery can achieve weight loss and may improve common obesity-related co-morbidities. The UK National Institute for Health and Care Excellence (NICE) 11 recommends bariatric surgery for patients with a BMI over 35 kg/m 2 and type 2 diabetes or another obesity-related co-morbidity, for patients with a BMI exceeding 40 kg/m 2 after failure of non-surgical methods for at 6 months, and as the first-line option for people with a BMI of more than 50 kg/m 2 . Additionally, an assessment for bariatric surgery is considered for patients with a BMI of at least 30 kg/m 2 who have recent onset of type 2 diabetes.
In April 2013, the National Health Service (NHS) Commissioning Board 12 set more strict indications for surgery. These require participation in a mandatory weight loss programme for 12-24 months for patients with a BMI of 40 kg/m 2 and above, and for minimum of 6 months for those with BMI of at least 50 kg/m 2 . There was a 25 per cent reduction in the amount of bariatric surgery completed in 2014-2015 compared with 2012-2013 13 .
The objective of this study was to evaluate the cost-utility of bariatric surgery in England over 10 years and over a lifetime.
Methods
A state-transition decision analytic (Markov) model 14 was constructed to compare the costs and benefits of two strategies: bariatric surgery versus usual care. Full details of the modelling approach, data inputs and validation activities have been reported elsewhere 15 . In brief, obese patients who fulfil NICE criteria may undergo surgery or continue with usual care (consisting of drug therapy, diet and physical exercise), experience postoperative complications or have no complications, develop type 2 diabetes or obesity-associated cardiovascular diseases (angina, myocardial infarction, stroke, heart failure and peripheral artery disease), have type 2 diabetes remission, or die (Fig. 1) . In each model cycle, lasting 1 month, patients may move from one state to another or remain in the same state. Transition probabilities between health states were obtained from the literature 16 -21 or calculated using the Framingham Heart Study's equation for risk of cardiovascular complications 22, 23 .
Methods and results are reported in accordance with the CHEERS statement 24 . Additional description of methods is provided in Appendix S1 (supporting information).
Input data

Data on clinical effectiveness and complications
The model utilized 10-year and lifetime risks of obesity-related cardiovascular events and type 2 diabetes, and 30-day (short-term) and 2-year (mid-term) risks of surgical complications, as predictors of clinical outcomes and health benefits. The lifetime and 10-year risk of obesity-related cardiovascular diseases in the model is dependent on patient characteristics, including age, sex, systolic BP measurements, BMI, presence of type 2 diabetes and smoking status. The effect of bariatric surgery, considered to reduce the risk of obesity-related complications and mortality, was determined by the change in BMI and systolic BP and the incidence of diabetes.
Thirty-day rates of short-term complications, mortality and reoperations were informed by the UK Second National Bariatric Surgery Registry (NBSR) report 25 . Mid-term complications occurring within 2 years of surgery included cholecystectomy, abdominal hernia repair, leakage and abscess, gastric stricture, gastric ulcer, skin surgery and conversion surgery (Table S1 , supporting information). At the time of analysis, rates of mid-term complications were not available from the NBSR report and were therefore extracted from the Swedish Obesity Registry (SOReg) 2014 annual report 26 . Conversion rates were informed by the results of a controlled study of gastric bypass (GBP) and adjustable gastric banding (AGB) 27 .
Three of the most common surgical operations were considered in the model: GBP, sleeve gastrectomy (SG) and AGB. The reduction in BMI after surgery was informed by the NBSR report 25 for the base-case analysis. At the time of analysis, data on efficacy of surgery were available as relative reduction in excess weight (%EWL) at 2, 6, 12, 24 and 36 months. The %EWL was transformed into a relative reduction in BMI. Missing values for 1-and 3-month time points were made to fit using ordinary least squares regression. Details of transformation and regression analysis are available in Appendix S1 (supporting information).
The effect of surgery on BMI during the first 3 years was informed by the NBSR; after that it was extrapolated using data from the Swedish Obese Subjects (SOS) study 18 until the time point of 15 years. After 15 years, BMI was assumed to remain at a constant level until death. Changes in BMI for patients receiving usual care were informed by changes in BMI in the control arm of the SOS study 18 . The main clinical inputs are presented in Table 1 ; additional inputs are listed in Table S1 (supporting information).
Data on resource utilization and cost
Resource utilization and cost data were obtained from UK sources as described below. Only direct medical costs were included in the analysis. The cost of the bariatric surgery procedure was informed by the Department of Health's Reference Costs 2014-2015 (Healthcare Resource Group (HRG) FZ84Z for GBP, and HRG FZ85Z for SG and AGB) 29 . Thirty-day complications did not lead to a change of HRG. It was assumed that patients in the surgical arm would participate in the tier 3 weight management programme before surgery 30 . Before surgery, all patients were expected to visit a surgeon, a dietitian, a psychologist, and have a blood test and ECG. Operated patients were visited by a nurse at 1 month, 6 months, 1 year and 2 years after surgery. In the usual care arm, no resource use in relation to the management of obesity was assumed. The distribution of surgical methods for the base-case analysis (GBP 56 per cent, SG 22 per cent, AGB 22 per cent) was obtained from the NBSR report (operations 2011-2013) 25 .
Resource use for the treatment of mid-term complications (leakage and abscess, obstruction, stricture, abdominal hernia and cholecystitis) was based on the expert opinion of one of the authors (A.R.A.). Unit costs were obtained from the Reference Costs 2014-2015 29 . Leakage and abscess (ICD-10 code K91.8) were assumed to be treated differently in patients who had GBP and those who had SG. Patients who had GBP were considered to be treated with an operative drain (OPCS codes T45. n.a., Not applicable. and K56.6) was considered to be treated with fibre-optic endoscopic dilatation (OPCS G44.3). The weighted average of resulting HRGs was used in the analysis. Cost inputs for preoperative diagnostic tests, surgical procedures and postoperative complications are shown in Table 2 . The costs of obesity-associated co-morbidities were extracted from the UK literature 16,34 -38 , and those associated with acute stroke, transient ischaemic attack and acute myocardial infarction from the Reference Costs 2014-2015 29 .
The cost of gastric ulcer was assumed to be comprised of the cost of drug therapy with proton pump inhibitors, the cost of a single visit to the general practitioner and the cost of a single endoscopic diagnostic procedure, according to the NICE guidelines 39 . Cost inputs for obesity-related co-morbidities are listed in Table 3 .
All costs in this analysis were evaluated in UK pounds sterling at 2015 prices and converted to euros (£1 = €1⋅42; www.bloomberg.com, exchange rate 27 November 2015). Adjustment for inflation was made using the Hospital and Community Health Services Index 32 .
Utility data
The utility value for each health state depended on BMI and presence of type 2 diabetes 40 . Additionally, the model considered the quality-of-life decrement associated with obesity-related co-morbidities 41 . Data on utility decrements are available in Table S1 (supporting information).
Cohort description
The primary base-case analysis included summary characteristics of candidates being considered for surgery in England. The characteristics of these so-called multiple cohorts were extracted from the NBSR report 25 , the SOS 
Validation
The model underwent a three-step validation process. In the first stage, face validity assessment was undertaken, wherein model structure, data sources, 44 ) and the interventional quality registry SOReg 21 . Details of the validation process have been reported elsewhere 15 .
Analysis
The present analysis was performed from the perspective of the NHS over 10 years and over a lifetime. In line with NICE recommendations 45 , all costs and outcomes beyond the first year were discounted 3⋅5 per cent annually. Surgery was considered cost-effective if the incremental cost-effectiveness ratio (ICER), calculated by dividing the difference in costs between the two arms by the difference in quality-adjusted life-years (QALYs), was below the willingness-to-pay threshold of £30 000 per QALY. The impact of a 1-, 2-or 3-year delay in the provision of surgery on clinical (life-years and QALYs gained) and economic outcomes was studied. Patients were initially allocated to the usual care arm and then switched to the surgical arm after 1, 2 and 3 years. The results were compared with those of patients who underwent surgery immediately. The model was constructed using Microsoft Excel ® 2010
(Microsoft, Redmond, Washington, USA). Ordinary least squares regression analysis was conducted using STATA ® version 13 (StataCorp, College Station, Texas, USA).
Sensitivity and scenario analysis
The first-order uncertainty around the data used for input parameter values was addressed by one-way deterministic sensitivity analysis. This involved altering a single variable within a predetermined range, while the remaining parameters were unaltered, to determine the impact on the resulting model (ICER). One-way deterministic sensitivity analysis was performed using the mean patient characteristics (45⋅4-year-old non-smoking men, with a BMI of 50⋅5 kg/m 2 , systolic BP 140 mmHg and absence of type 2 diabetes). Specific conditions were applied to the binary input parameters (sex, smoking and type 2 diabetes status). For sex, male was considered as the maximum input, and female as the minimum input. For type 2 diabetes and smoking, their presence was considered as the maximum, and their absence as the minimum input. A probabilistic sensitivity analysis was undertaken by varying all input parameters simultaneously across distributions to evaluate multivariable and stochastic uncertainties in the model. Distribution parameters were dependent on the nature of inputs; a β distribution was used for the probabilities, utilities and decrements, and a lognormal distribution for relative risks. Costs were assigned with a γ distribution, assuming 10 per cent standard deviation around the mean values. A normal distribution was assigned to patient age and BMI, whereas systolic BP was assumed to follow a γ distribution. Reimbursement tariffs were not tested in probabilistic analysis. During the probabilistic sensitivity analysis, 5000 iterations of the model were run over a lifetime. The result is presented in the form of a scatterplot of the incremental cost-effectiveness of surgery (current mix of 3 types) compared with usual care. A total of 13 additional scenarios were tested following one-way and probabilistic sensitivity analyses.
Results
Base-case results in multiple cohorts
In the base-case analysis over 10 years, bariatric surgery was associated with higher costs of €5599 (£3971) and an additional 1⋅7 QALYs, resulting in an ICER of €3294 (£2336) compared with usual care. In the base-case analysis over the lifetime of the patient cohort, bariatric surgery produced cost savings of €2742 (£1944) and generated an additional 0⋅8 life-years and 4⋅0 QALYs ( Table 4) . Bariatric surgery was associated with a reduction in stroke, myocardial infarction, peripheral arterial disease, transient ischaemic attack, heart failure and diabetes (Table S2 , supporting information).
Results in specific patient cohorts
Results for all cohorts are shown in Tables S3 -S10 (supporting information). The analysis showed that, over 10 years, bariatric surgery was cost-saving in six cohorts considered as diabetic, including moderately and super obese men and all cohorts of women. In the remaining diabetic cohorts (severely and morbidly obese men) surgery was cost-effective. In the non-diabetic cohorts, surgery was cost-effective in all groups, namely in moderately obese men (ICER €12 449 per QALY) and women (ICER €12 360 per QALY), severely obese men (ICER €12 315 per QALY) and women (ICER €12 324 per QALY), morbidly obese men (ICER €5617 per QALY) and women (ICER €6446 per QALY), and super obese men (ICER €3027 per QALY) and women (ICER €2931 per QALY). The cost-effectiveness of surgery increased with increase in baseline BMI of the cohort.
Over a lifetime, bariatric surgery was cost-saving in all eight cohorts considered as diabetic. In the non-diabetic cohorts, bariatric surgery was cost-saving only for super obese women and men. For all other groups, bariatric surgery was a cost-effective alternative to usual care, namely in moderately obese men (ICER €3200 per QALY) and women (ICER €2708 per QALY), severely obese men (ICER €3403 per QALY) and women (ICER €2630 per QALY), and morbidly obese men (ICER €1209 per QALY) and women (ICER €1512 per QALY).
Impact of waiting lists on the clinical and economic benefits of bariatric surgery
Delaying surgery for up to 3 years was associated with a reduction in clinical benefits. There was a difference of 0⋅1 life-years and 0⋅7 QALYs between immediate operation and 3-year watchful waiting (Fig. S1, supporting  information) . In addition, the cost of delayed provision of surgery was associated with a decrease in lifetime healthcare costs. The cost of the surgery over a lifetime was €26 405 (£18 727) with immediate operation, and €24 670 (£17 497) with a 1-year, €24 430 (£17 326) with a 2-year and €24 347 (£17 268) with a 3-year delay.
Sensitivity analysis
In one-way deterministic sensitivity analysis, the most sensitive parameters were age (surgery was less cost-effective in older patients), presence of type 2 diabetes (surgery was less cost-effective in the absence of type 2 diabetes), baseline BMI (surgery was more cost-effective with increase in BMI) and sex (surgery was more cost-effective in women) (Fig. S2, supporting information) .
Probabilistic sensitivity analysis showed that bariatric surgery produced clinical benefits (defined as additional QALYs) in all patients; it had a cost-saving effect in 59 per cent, whereas it was cost-effective in the remaining 41 per cent (Fig. 2 ). An additional 13 scenario analyses showed that the uncertainty in the model inputs and structure did not affect the main results significantly (Appendix S2 and Tables S11-S24, supporting information).
Discussion
This analysis of current bariatric surgical approaches in England showed that bariatric surgery, even under conservative assumptions around efficacy and resource use, is cost-effective over 10 years and can save the healthcare system money over a lifetime.
The cost-effectiveness ratio of bariatric surgery favours diabetic patients, concurring with the ideas previously expressed by Welbourn and colleagues 46 . Extrapolating the demonstrated lifetime clinical and economic benefits to the cohort of 5466 patients who underwent surgery in England between 2011 and 2013 would result in savings of about €14⋅97 million (£10⋅62 million), and generate an additional 4488 person-years or 21 941 QALYs over the course of a lifetime of the operated cohort.
The results of this study are partly in agreement with previous health economic evaluations of bariatric surgery in the UK 16, 40, 47 . In the health technology assessment performed by Picot and co-workers 16 , the ICER for bariatric surgery ranged between €1833 (£1300) and €5640 (£4000) per QALY. Ackroyd et al. 40 reported comparable results for GBP and AGB, yielding ICERs of €2139 (£1517) and €2720 (£1929) per QALY respectively. Finally, Pollock and colleagues 47 demonstrated an ICER of €5079 (£3602) per QALY for AGB. ICERs in all three studies were well below the €28 200 (£20 000) per QALY threshold for cost-effectiveness used by NICE. The most recent analysis 30 was published as part of the Health Technology Assessment programme at the National Institute of Health Research. This analysis was based on individual patient-level data from the UK informed by a large number of electronic hospital records, which allowed a comprehensive model design and profound predictability. Over a lifetime, the analysis yielded an incremental cost of €21 514 (£15 258) in the operated cohort, 2⋅142 incremental QALYs per participant and an ICER of €10 052 (£7129) per QALY. Although the latter analysis arguably employed superior methodology to that used in previous studies and the present analysis, selection of data inputs to the analysis may have underestimated the value of surgery in England. In addition, the difference in results might be associated with the modelled distribution of surgical methods (which does not reflect current case mix), the cost of surgery (overestimated compared with current level as the cost has been decreasing over time), and lack of clarity about the cost of surgical complications and end-stage diseases.
The present UK decision analytic model incorporated a substantial number of health states and conditions that commonly occur in obese patients, which contributed to the accuracy and validity of the modelled outcomes. The model accounted for the most widely adopted surgical approaches, and the distribution of their utilization patterns was informed by the latest available source. Surgical methods and baseline patient characteristics were extracted from the national UK registry and are highly applicable for modelling of surgical outcomes in local patient cohorts. Furthermore, the model included monetary effects of short-and mid-term complications, both informed by well recognized national-level registries. Finally, the projection of cost-effectiveness outcomes for 10 years and the analysis of delay in the provision of surgery provided an opportunity to estimate the feasibility of bariatric surgery from another angle.
Decision analytic modelling has the inherent limitation of being a simplification of reality. Several empirical studies, performed in Swedish and US populations, did not demonstrate a cost-saving effect of bariatric surgery. However, they were all characterized by limitations such as a limited time period of modelling, reporting of discontinued surgical techniques and use of an open surgical approach 48, 49 . Like other decision analytic models, the present analysis also has a number of limitations, as discussed previously 15 . In brief, the analysis did not account for all potential obesity-related complications and the cost benefits of surgery were potentially underestimated. The model did not predict various outcomes of surgery for different populations of diabetic patients, which could have an impact on the overall clinical effectiveness of the therapy. In addition, the model did not take into account the reduction in indirect medical costs seen after bariatric surgery 50 . Despite the lifetime period used in this model, the effect of bariatric surgery was assumed not to last beyond 15 years. This might lead to incorrect estimation of the true clinical and economic outcomes. This analysis is also limited by lack of complication data beyond 2 years, it being assumed that there would be no long-term complications, and by the approach to complication management being informed by a single surgeon. Furthermore, data on the management of patients after surgery or surgical candidates who do not undergo surgery were driven by assumptions based on clinical knowledge.
Despite increased rates of obesity in the UK, a recent analysis of bariatric surgery in seven European countries showed that England has one of the lowest utilization rates, 103 procedures per 1 million population, compared with a European average of 401 per million 51 . There is geographical variation in access to bariatric surgery in the UK. In some areas, commissioning groups have drawn up eligibility criteria that breach national guidelines and reduce the number of patients eligible for surgery. The present results emphasize the clinical benefit of bariatric surgery and associated monetary gains that result from avoidance of obesity-related illnesses. The findings justify non-limited access to surgery to all eligible categories of obese patients in the UK.
